Radiometric ages of detrital zircons in three samples of psammitic schists from the Sanbagawa Belt, Kanto Mountains, were obtained from the 238 U/
INTRODUCTION
Among the existing high -P/T type metamorphic belts in the world, the Sanbagawa Belt is one of the most extensively studied (Banno, 1964) . This belt extends from the Kanto Mountains to Kyushu Island for about 1000 km with a maximum width of 30 km (Fig. 1) . To the north of this belt is a low -P/T type metamorphic belt called the Ryoke belt, which is separated from the Sanbagawa belt by a major tectonic boundary called the Median Tectonic Line. The weakly -or non -metamorphosed Chichibu and Shimanto belts are located to the south of the Sanbagawa belt. Paleontological evidence confirms that the Chichibu Belt was accreted in Jurassic to earliest Cretaceous, whereas the Shimanto Belt was accreted in Late Cretaceous to Early Tertiary. All of these belts, including the Ryoke belt, are originally subduction complexes. (Banno and Sakai, 1989) Since the degree of metamorphism increased progressively from the Chichibu belt to the Sanbagawa belt, it was believed that the Sanbagawa belt was a metamorphosed part of the Chichibu belt (e.g., Seki, 1958; Iwasaki, 1963; Banno, 1964; Toriumi, 1975) . By conducting microfossil studies, the accretionary age of the Chichibu belt was found to be Middle Jurassic to earliest Cretaceous (Matsuoka et al., 1998) . The Rb -Sr whole -rock age of 116 ± 10 Ma is speculated to be the age when the Sanbagawa metamorphism was at its peak (Minamishin et al., 1979) . The K -Ar white mica ages, from 90 to 60 Ma (Itaya and Takasugi, 1988) , have been considered to be the age of uplift, cooling, and partial resetting during its ductile deformation. Clasts of schist from Sanbagawa Belt are included in a Middle Eocene conglomerate, the Kuma Group, which unconformably covers the Sanbagawa Belt (Yokoyama and Itaya, 1990) . Therefore, the tectonic framework of the Sanbagawa Belt is thought to be as fol-lows (Isozaki and Itaya, 1990) : (1) accretion of host sediments to continental margin by Early Cretaceous (130 -120 Ma), (2) peak metamorphism in late Early Cretaceous (120 -110 Ma), (3) beginning of uplift (110 -50 Ma), and (4) reached surface and covered by Eocene sediments, Kuma Group. In addition, Narita et al. (1999) suggested that the age of the Kuma Group (Hiwada -toge Formation) was dated Early Eocene. And zircon ages of eclogite support that the age of peak metamorphism was 120 -110 Ma (Okamoto et al., 2004) . Although most of the above results were based on the research conducted on Shikoku Island, it was assumed that the belt on the Kanto Mountains has a similar history. In another study, Takasu and Dallmeyer (1990) proposed the subdivision of the Sanbagawa Belt into two units: the Besshi nappe (metamorphosed around 100 -90 Ma) and the Oboke nappe (metamorphosed around 85 -75 Ma). In each chronological interpretation of the history of Sanbagawa Belt, it was as- sumed that the protoliths of the schists originated from Late Jurassic to Early Cretaceous accretionary complex, equivalent of the Chichibu Belt. The appearance of metamorphic zonation indicates that the Sanbagawa and Chichibu belts underwent identical progressive metamorphism (e.g., Seki, 1958; Iwasaki, 1963; Banno, 1964; Toriumi, 1975) . However, there is no evidence to prove that the accretionary age of the Sanbagawa Belt is the same as that of the Chichibu Belt. The reasons for the lack of fossil evidence for the accretionary age of the Sanbagawa Belt are probably the strong deformation and occurrence of recrystallization in this belt. Recently, Aoki et al. (2007) attempted at elucidating the detrital zircon ages by studying the Sanbagawa schists on Shikoku Island and concluded that a portion of the belt, i.e., Oboke nappe, consists of a Late Cretaceous accretionary complex corresponding to the Shimanto Belt. Wallis and Anczkiewicz (2005) reported up to 89 Ma of garnet and omphacite Lu -Hf ages of eclogite as the age of peak metamorphosis of the eclogite nappe on Shikoku Island. In order to elucidate the accretionary age of the parent sediments of the schists from the Kanto Mountains, we investigated detrital zircons obtained from three samples of psammitic schist and measured their U -Pb ages using the Sensitive High -Resolution Ion MicroProbe (SHRIMP II) installed at Hiroshima University, Japan. The sediments that are present on trenches just before their accretion to the continental or arc side are terrigenous sands (e.g., Taira et al., 1989; Isozaki and Maruyama, 1991) ; therefore, the depositional age of a psammitic rock, which contains detrital zircons, places an upper limit on the accretionary age of the subduction complex comprising the psammitic rock. The closure temperature of the U -Pb system in zircon is higher than 900 °C, and the system generally remains closed during low -to medium -grade metamorphism in orogenic time scale for zircon grains of sizes larger than several ten micrometers. (Lee et al., 1997; Cherniak and Watson, 2000) Since the metamorphic condition of the Sanbagawa Belt on the Kanto Mountains was high -pressure intermediate group (Toriumi, 1977) , we can assume that the ages of detrital zircons in psammitic rocks were not significantly disturbed during metamorphism. Therefore, the youngest age of detrital zircon is indicative of the older limit of the depositional age of the psammitic rock, which in turn corresponds to the older limit of the accretionary age of the subduction complex. Additionally, the age population of detrital zircons is expected to provide information on the provenance of the parent sediments.
GEOLOGICAL SETTING
The Kanto Mountains are located in the central region of Honshu Island (Fig. 1a) . The samples to be analyzed were collected from the western part of the Sanbagawa Belt in the Kanto Mountains, called the "Ayukawa -Sanbagawa area" (Fig. 1b) , which has been previously studied by Miyashita (1998) and Miyashita and Itaya (2002) . The belt in this area is characterized by the existence of a homocline structure to its south, and is subdivided into four units by metamorphic zonation (on the basis of its lightfaces, mineral assemblages and characteristics of metamorphic index minerals; Miyashita, 1998) and white mica K -Ar dating (Miyashita and Itaya, 2002) : (1) the Mikabu Unit consisting mainly of basic rocks that correspond to chlorite zone, (2) the Southern Unit comprising pelitic and psammitic rocks corresponding to the chlorite and garnet zones, (3) the Middle Unit predominantly consisting of basic rocks corresponding to the garnet and biotite zones, and (4) the Northern Unit consisting of pelitic rocks corresponding to oligoclase -biotite zone. Tectonically, the Mikabu Unit is the uppermost part of this area. Twenty -two K -Ar ages were in the range of approximately 80 -60 Ma and showed an apparent northward younging (Miyashita and Itaya, 2002) . The Sanbagawa Belt is composed of Sanbagawa schists and Mikabu green rocks; the Mikabu Unit corresponds to the Mikabu green rocks, while the other three units of this area correspond to the Sanbagawa schists. The garnets in the Middle Unit and Northern Unit show complex zoning, while the garnets in the Southern Unit show normal zoning. The biotite in the biotite zone of the Middle Unit along with oligoclase forms a thin film around albite porphyroblast during the retrograde stage; in contrast, the biotite in the Northern Unit is formed during the prograde stage. Additionally, the Southern Unit is subdivided into an upper 80 -Ma part and a lower 70 -Ma part (Fig. 2) .
SAMPLES AND ANALYTICAL METHODS
The three psammitic schist samples were labeled AM48p, AM29p, and SnbE (sample locations are shown in Fig. 2 ). Sample AM48p was collected from the Middle Unit and its main constituents were quartz, albite porphyroblast with oligoclase film, muscovite, chlorite, garnet, and biotite. The white mica K -Ar age at the same locality was determined to be 65.9 ± 1.4 Ma (Miyashita and Itaya, 2002) . AM29p was collected from the southern part of the Southern Unit, and composed mainly of quartz, albite, muscovite, chlorite, and garnet with apatite, tourmaline, and graphite present in small amounts. The white mica K -Ar age of this sample was determined as 82.1 ± 1.8 Ma (Miyashita and Itaya, 2002) . SnbE was also collected from the southern part of the Southern Unit, composed mainly of quartz, albite, muscovite, and chlorite. The white mica K -Ar age of the Southern Unit was around 80 Ma (Fig. 2) .
The zircon grains were separated from the samples by standard crushing and heavy -liquid techniques and then handpicked to purify them. The abundance of the zircons in these rock samples was found to be approximately 20 to 50 grains per kilogram of each other. Most of the zircon grains in the samples had diameters of around 100 to 200 μm (Fig. 3) . Zircon grains from the samples and the zircon standard AS3, the IDTIMS 238 U -206 Pb * age of which is 1099.0 ± 0.7 Ma (Paces and Miller, 1993) , were mounted in an epoxy resin and polished till the surface was flattened with the center of the embedded grains exposed. U -Pb dating of these samples was carried out using SHRIMP II installed at Hiroshima University, Japan. The experimental conditions and the procedures followed for the measurements were the same as those reported by Sano et al. (2000) . The spot size of the primary ion beam was approximately 20 µm. Both the backscattered electron images and cathodoluminescence images were used to select the sites for SHRIMP analysis. The 206 Pb/ 238 U ratios of the samples were calibrated using the empirical relationship described by Claoue -Long et al. (1995) . The concentration of U in each analyzed spot was calibrated against an external standard SL13, which has a U content of 238 ppm (e.g., Williams, 1998 Pb ratio was used for the correction of initial Pb, whose isotopic composition was assumed using a single -stage model (Compston et al., 1984) . Figure 5 shows the Tera -Wasserberg concordia diagrams for all the analyzed spots. Figure 6 shows the probability distribution diagrams of (Fig. 3) ; this oscillatory zoning is a commonly observed feature in igneous zircons (Corfu et al., 2003) ; moreover, the relatively high Th/U ratios of the zircons (>0.1, Fig. 4 ) also support that they are igneous in origin (Hoskin and Black, 2000) . Only two pit positions (AM48p.19.2 and AN48 p.23.1) showed Th/U ratios lower than 0.1. Both these positions indicate that the zircons originated in the Proterozoic ages. U occurs in crustal zircon with abundance typically ranging from tens to thousands of parts per million (Hoskin and Schaltegger, 2003) . The U concentrations of most of the analyzed spots were within the above range; one spot showed a significantly high U content of 11670 ppm (SnbE.35.1).
RESULTS
Among the 26 data points obtained for the ages of zircons in AM48p, 19 data points cluster within the range of approximately 80 -100 Ma, while the other seven data points are approximately 2100, 2000, 1900 -1800, 240, and 190 Ma (Fig. 5a ). The age of the youngest zircon is 78.8 ± 1.3 Ma (AM48p.12.1; Fig. 6a ). In the case of SnbE, 57 of the 61 zircon age data points cluster within the range of 90 -130 Ma, while the other ages are approximately 2500, 1850, 270, and 210 Ma (Fig. 5b) . The age of the youngest zircon is 91.4 ± 1.4 Ma (SnbE.54.1; Fig. 6b ). The zircon age of AM29p is mostly in the range of 95 to 130 Ma (Fig.6c) , and the ages of older zircons are 1850 Ma, 300 -220 Ma, around 190 Ma, and 150 Ma (Fig. 5c) . The youngest age is 95.3 ± 1.5 Ma (AM29.20.1; Fig. 6c ).
DISCUSSION

Accretionary age and period of subduction process
Although determination of the exact depositional age of a psammitic rock that does not contain fossils is difficult, it is possible to place a limit on its age. The older limit of the depositional age of the psammitic rock can be defined in terms of the age of the youngest zircon in the rock, because the closure temperature of zircon (above 900 °C) (Lee et al., 1997; Cherniak and Watson, 2000) is too high for the zircons to be rejuvenated under high -P/T type metamorphic conditions. In addition, the possibility that zircons produced by magmatism were transported into a sedimentary basin soon after their crystallization supports the fact that the age of the youngest zircon limits the depositional age of the psammitic rocks. Active magmatism in eastern Asia was observed to be present from Mesozoic to early Cenozoic times, as shown by the age histograms of China (Wang, 1986) , Korea (Lee, 1987) , and Japan (Matsumoto, 1977) . The (older limit of) depositional age of the psammitic rock can restrict older limit of the accretionary age of an accretionary complex that contains the psammitic rock; this is possible because the last sediments on the trench before these sediments get accreted to a continental margin or an island arc side are terrigenous sands (e.g., Taira et al., 1989; Isozaki and Maruyama, 1991) , as mentioned above. On the other hand, white mica K -Ar age of the same rock provides the younger limit of the accretionary age because white mica forms during metamorphism after the accretion. Thus, the age of the youngest detrital zircons and the white mica K -Ar age of a given psammitic rocks correspond to the older and the younger limits of the accretionary age, respectively.
In this study, the ages of the youngest zircons in the samples are 78.8 ± 1.3 Ma (AM48p), 91.4 ± 1.4 Ma (SnbE), and 95.3 ±1.5 Ma (AM29p), while white mica K -Ar ages are 65.9 ± 1.4 Ma, around 80 Ma and 82.1 ± 1.8 Ma, respectively (Miyashita and Itaya, 2002) . The accretionary and depositional ages of a sample should be between its youngest zircon age and metamorphic age (white mica K -Ar age). Therefore, the accretionary ages of AM48p from the Middle Unit and of SnbE and AM29p from the Southern Unit are in the ranges of 79 -66 Ma, 91 to around 80 Ma, and 95 -82 Ma, respectively. Thus, in the case of the Kanto Mountains, it is impossible to assume 120 -110 Ma as the age of peak metamorphism because metamorphism occurs only after deposition and accretion. This result strongly suggests that the accretionary age of the protolith of Sanbagawa schists in the Kanto Mountains is Late Cretaceous. Both the age of the youngest detrital zircon and the white mica K -Ar age of the sample from the Middle Unit are younger than those of the sample from the Southern Unit, suggesting that the stage of accretion of the two units is different. The age difference between accretion and metamorphism of three psammitic schists on the Kanto Mountains was less than 13 Myr.
Even though a limited number of samples were analyzed, it is noteworthy that there was a difference between the ages of AM48 (Middle Unit) and AM29p (Southern Unit); the Middle Unit is younger in the youngest zircon age and K -Ar age than the Southern Unit (Fig. 7) . As shown in Figure 7 , the metamorphism stage of the Southern Unit (AM29p) had already begun when the Middle Unit (AM48p) was still at the depositional stage. That is, AM29p was located at a certain depth when AM48p was still on the trench. In most tectonic models, a metamorphic belt is represented using a simple model in which ac- cretion, subduction, and uplift proceeds at a single stage (e.g., Isozaki and Itaya, 1990; Isozaki and Maruyama, 1991) . The present results have demonstrated the need for the development of a new tectonic model in which a metamorphic belt is subdivided into certain units formed at different stages.
Provenance of the clastics
It is observed that in all the samples studied, Cretaceous zircons are relatively abundant, whereas Proterozoic to Jurassic zircons are rather uncommon (Fig. 5) . This indicates that the main provenances of clastic rocks in the Sanbagawa Belt on the Kanto Mountains are Cretaceous igneous rocks. Although Proterozoic to Jurassic detrital zircons are found in clastic rocks in Japan Tsutsumi et al., 2000 Tsutsumi et al., , 2003 Aoki et al., 2007) , Proterozoic zircons are originally derived from the North China Craton and/or the Korean Peninsula. The ages of the basement rocks in the North China Craton have been found to be in the ranges of approximately 2600 -2400 Ma and 2000 -1750 Ma (Zhao et al., 2001) . The isotopic ages of the basement rocks in the southern part of the Korean Peninsula are 2700 -1100 Ma with a strong peak at around 1900 Ma (Chough et al., 2000) . In the age distributions of Cretaceous zircons, there is a clear difference in the ages of the samples from the Southern Unit and the Middle Unit. In the samples from Southern Unit (SnbE and AM29p), a peak at 120 Ma is observed, whereas in the case o the sample from the Middle Unit (AM48p), a peak was observed at 90 Ma instead of 120 Ma. This difference can be explained by two possibilities: (1) the provenance of the Southern Unit is different from that of the Middle Unit, and (2) the provenance of the two units are the same, but the source of the 120 Ma zircons on the provenances had been depleted at the time of deposition of the Middle Unit. In either case, the youngest zircon age is indicative of the older limit of the depositional age of the samples.
Relation between the Sanbagawa Belt on Shikoku Island and Kanto Mountains
The Sanbagawa schists on Shikoku Island are subdivided into three nappes; the Oboke nappe, the Besshi nappe (Takasu and Dallmeyer, 1990) , and the eclogite nappe (Wallis and Aoya, 2000) , tectonically from lower to upper. Recently, Aoki et al. (2007) found Late Cretaceous detrital zircons present only in a sample from the Oboke nappe while they found only Proterozoic zircons in a sample from the Besshi nappe. They concluded that the Oboke nappe acts as a "window" in which the tectonically lower Late Cretaceous accretionary complex, i.e., Shimanto Belt, appears. In addition, they applied the previously proposed chronological history (e.g., Isozaki and Itaya, 1990) of the Sanbagawa Belt to the Besshi nappe. Thus, Aoki et al. (2007) believed that at least the Besshi nappe was a metamorphosed phase of the Chichibu Belt. The difference in the results obtained by our study and those of the study conducted by Aoki et al. (2007) implies that the estimated accretionary ages of the Sanbagawa Belt are different between the Kanto Mountains and Shikoku Island Figure 7 . Chronological history of the Sanbagawa Belt on the Kanto Mountains. "Previous study" is that by Isozaki and Itaya (1990) , and the chronological details of the age of peak metamorphism and covered sediments are as modified by Okamoto et al. (2004) and Narita et al. (1999) , respectively.
(Besshi nappe); this difference exists even though the age distributions of K -Ar (and Ar -Ar) ages recorded for the two areas are similar (Itaya and Takasugi, 1988; Takasu and Dallmeyer, 1990; Hirajima et al., 1992; Miyashita and Itaya, 2002 (2005) reported 87.8 ± 0.5 Ma and 89.1 ± 0.5 Ma as the garnet and omphacite Lu -Hf ages of eclogite from the eclogite nappe on Shikoku Island. Wallis et al. (2007) suggested that the metamorphic ages of the entire Sanbagawa Belt are younger than 89 Ma because additional data also indicate 88 -89 Ma. On the other hand, Okamoto et al. (2004) showed peak metamorphism of the Sanbagawa Belt at 120 -110 Ma by zircon dating of eclogite, in spite of the age of the youngest detrital core (they called "oscillatory mantle") was 110.0 ± 8.8 Ma (2σ), indicating that the deposition age of the protolith was less than 110 Ma. Okamoto et al. (2004) was seemed not to express in numerical age of peak metamorphism because of small amount of analyzed zircon grains (eighteen grains from two rock samples), discrepancy of mean ages between "rim" (120.6 ± 5.9 Ma (2σ), MSWD = 4.2, n = 8) and "metamorphic zircon" (112.9 ± 5.6 Ma (2σ), MSWD = 3.3, n = 8) data, and large MSWD of each mean age. Under the assumption that there is a relation between the Sanbagawa Belt over the Kanto Mountain and that over Shikoku Island, the detrital zircon data obtained in this study support the results of Wallis et al. (2007) . However, the existence of such a relation can be confirmed by a detailed chronological research involving detrital zircon dating on Shikoku Island.
As mentioned above, only the Besshi nappe, a major part of the Sanbagawa Belt on Shikoku Island, is believed to be a metamorphosed phase of the Chichibu Belt. However, low values of K -Ar ages of around 60 Ma of the Oboke nappe have been attributed to argon depletion that occurs in white mica during ductile deformation, even at temperatures lower than the closure temperature of the K -Ar system (Isozaki and Itaya, 1990) . According to both Takasu and Dallmeyer (1990) and Hirajima et al. (1992) , the depletion of Ar in the belt has not been recorded by Ar -Ar dating of samples from Shikoku Island and K -Ar dating of samples from the Kanto Mountains, respectively. We propose that the age of metamorphism in the Kanto Mountains is younger than that believed previously; in addition, the low values of K -Ar and Ar -Ar ages in Shikoku Island can be explained as the cooling ages in which degassing due to deformation does not occur.
CONCLUSIONS
1. The ages of the youngest zircon in the three samples analyzed in this study are 78.8 ± 1.3 Ma (AM48p, Middle Unit), 91.4 ± 1.4 Ma (SnbE, Southern Unit), and 95.3 ± 1.5 Ma (AM29p, Southern Unit). Since these ages indicate the older limit of accretionary ages of each sample, it follows that the accretionary ages of Sanbagawa schists on the Kanto Mountains are Late Cretaceous and not Jurassic to Early Cretaceous. 2. The age of "peak metamorphism" of the Kanto Mountains is lesser than that believed previously (e.g., 120 -110 Ma). Moreover, the metamorphism appears to have started soon after the accretion, considering the fact that the age difference between the youngest detrital zircon and metamorphic white mica is 13 Myr. 3. According to the age distribution of detrital zircons, the detrital zircons in the Sanbagawa schists on the Kanto Mountains mainly originated from Cretaceous igneous rocks. 4. The Sanbagawa Belt can be subdivided into certain units on the basis of detailed multiple -method dating, which should be an effective tool to reveal the tectonic frameworks of Japanese islands.
